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1. Summary

This report summarizes efforts to enhance our knowledge of the dynamic proccsses
associated with injectors in liquid rocket engines. Progress has been made on a number of
fronts. Linear stability analyses have been performed to assess the wavelengths of
instabilities in ox-rich staged combustion (ORSC) injector elements. Most unstable
wavelengths have been characterized over a wide parameter space to provide researchers with
an understanding of drop sizes shed from fuel films in these injector elements.

The dynamics of classical swirl injectors have been investigated for both single and dual
tangential inlet channel designs. The use of multiple inlet channels is believed to lead to
wave cancellations in the chamber, thereby reducing injector response to perturbations
imposed from the combustion chamber. Existing theoretical/linear models have been
modified to handle the multi-channel design and show substantial reduction in injector
response over a range of frequencies. Companion nonlinear calculations are also in work for
both single and dual channel designs. For both cases, it appears that nonlinear effccts reducc
overall amplitude of the response as compared to the linear theory.

Work has continued on a comprehensive primary atomization model that relies on no
empirical inputs. With recent parallelization of our boundary element codes, we are now able
to simulate more and more complex and dense sprays and are able to compute drop statistics
(Sauter Mean Diameter) from first principles in a unique nonlinear simulation,

Related work has been conducted in drop splashing as a result of capabilities built up to
assess primary atomization physics. Numerous archival publications have resulted from the
efforts:

Archival publications (published) during reporting period:

1. Yoon, S. S., and Heister, S. D., “A Nonlinear Atomization Model Based on a
Boundary Layer Instability Mechanism,” Physics of Fluids, V16, No.l, pp. 47-61,
2004.

2. Yoon, S. S., and Heister, S. D., “A Fully Nonlinear Model for Atomization of High-
Speed Jets,” Engineering Analysis with Boundary Elements, V28, pp 345-357, 2004.

3. Yoon, S. S., and Heister, S. D., “Categorizing Linear Theories for Atomizing Jets,”
Atomization and Sprays, V13, pp.499-516, 2003.

4. Kim, B-D, and Heister, S. D., “Two-Phase Modeling of Hydrodynamic Instabilities in
Coaxial Injectors,” J. Propulsion and Power, V20, pp 468-479, 2004.

5. Yoon, S. S, and Heister, S. D., “Analytic Solutions for Computing Velocities Induced
from Potential Vortex Ring,” International J. for Numerical Methods in Fluids,
44:665-672, 2004.

6. Xu, C., Heister, S. D., and Blaisdell, G. A., “Simulation of Cavitated Flow in Orifices
Fed by a Manifold,” Aromization and Sprays, V14, pp 37-52, 2004.

7. Austin, B., Heister, S. D., and Anderson, W. A., “Development of Pintlc and
Splashplate Injectors for Nontoxic, Storable, Hypergolic Bipropellants,” J. Propulsion
and Power, V21, No.4, pp. 627-635, 2005.
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8. Kim, B-D, and Heister, S. D., “Three Dimensional Flow Simulations in Recessed
Region of a Coaxial Injector,” J. Propulsion and Power, V21, No.4, pp. 728-742,
20085.

9. Park, H., Yoon, S.S., and Heister, S.D., “A Nonlinear Atomization Modcl for
Computation of Drop Size Distributions and Spray Simulations”, Intl. J. for
Numerical Methods in Fluids, 48:1219-1240, 2005.

10. Park, H. and Heister, S.D., A Numerical Study of Primary Instability on Viscous
High-Specd Jets, Computers and Fluids, V35, pp. 1033-1045, 2006.

11. Corpening, J. H., Heister, S. D, and Anderson, W.A., On the Thermal Decomposition
of Hydrogen Peroxide, Part II: Modeling Results”, J. Propulsion & Power, Vol. 22,
No. 5, pp. 996-1005, 2006.

12. Park, H., and Heister, S. D., “Nonlinear Simulation of Free Surfaces and Atomization
in Pressure Swirl Atomizers”, Physics of Fluids, Vol. 18, 052103, 11 pages, May,
2006.

13. Park, H., Yoon, S. S., and Heister, S. D., “On the Nonlinear Stability of a Swirling
Liquid Jet”, Intl. J. of Multiphase Flow, to appear, 2000.

14. Macdonald, M., Canino, J. V., and Heister, S. D., “On the Nonlinear Response of
Plain Orifice Injectors”, to appear, AIAA J. Propulsion & Power, 2007.

15. Park, H., Yoon, S. S., Jepsen, R. A., and Heister, S. D., “Droplet Bounce Simulations
and Air Pressure Effects on the Deformation of Pre-Impact Droplets Using a
Boundary Element Method”, Engineering Analysis with Boundary Elements, 2007.

Technology Transfer

The research group at Purdue is supporting a variety of developments throughout the
industry. Under NASA sponsorship, models that were initially created in the AFOSR
program are being used to assess the forced response of plain orifice “pressure atomizers”
under a wide range of conditions. The models are being incorporated into the industry-
standard Rocket Combustor Interactive Design (ROCCID) code that is used by NASA MSFC,
U.S. Air Force, and numerous propulsion contractors. The models will substantially improve
the basic treatment of these atomizers and the Purdue team is working closely with Sierra
Engineering on implementation of the new models. Results from current AFOSR-sponsored
efforts in the dynamics of swirl injectors has also been transmitted to NASA officials as well
as prior simulations of shear coaxial injectors that are of great interest for new Crew
Exploration Vehicle propulsion. Our team works closely with small companies including
Sierra Engineering and INSpace LLC to provide recommendations on injector designs. We
have also provided inputs on gas/gas injectors for potential application to lunar transfer
vehicles under sponsorship from entities affiliated with Kistler Aerospace. Currently, we are
working on nonlinear dynamics of swirl injectors and hope to be able to create a submodcl
for ROCCID that would incorporate these results and permit the code to assess a whole new
class of injectors. A comparable submodel for shear and swirl coaxial injectors is also under
development under NASA sponsorship, although this is a rather low-level effort at present.



2. Research Objectives

The understanding of the complex combustion phenomena present in liquid rocket engines
begins with the fundamental process of fuel and oxidizer jet atomization. The objective of
this research has been to develop a series of models, incorporating increasingly complex
physics, to assess the role of atomization in the combustion instability process. The models
have centered on the use of Boundary Element Methods (BEMs) as a means to provide
accurate description of these complex, nonlinear processes under arbitrary unsteady
conditions. The models have demonstrated a capability to have calculations proceed bevond
atomization events.

While the basic BEM techniques are inviscid, recent development of a zonal model using
an integral method for boundary layer modeling, permits a full viscous capability. This
model, described in Appendix A of this report, is the first primary atomization model to
provide accurate, fully nonlinear treatment of atomization processes under full-scale
Reynolds numbers consistent with actual engine conditions. While these BEM simulations
have been useful in describing parent surfaces of modest complexity, other techniques are
required to resolve dense sprays formed in many rocket injection processes. For this reason,
we have embarked on the development of a viscous, unsteady, nonlinear model capable of
addressing flows in which large numbers of droplets are present.




3. Status of Research

3.1 Nonlinear dynamics and drop sizes from swirl injectors

In prior work, we compared nonlinear steady-state computations with the linear theory for
a variety of parametric injector designs including the baseline geometry summarized in Table
1. Results were generated for various grids thereby demonstrating convergence and accuracy
of the model. These grid tests showed no discernable difference in core radius, film thickness,

Table 1. Assumed  Baseline
Atomizer Simulations

Radius to Center of Tangential Chn, a,

Radius of Nozzle, a

Radius of Vortex Chamber, R,

Radius of Tangential Channcl

Length of Tangential Channel

Length of Nozzle, L,

Length of Vortex Chamber, L,

No. of Inlet Channels

Inlet Velocity

Geometry

for

=3.226 mm
=2.151 mm
=4.234 mm
=0.643 mm
=1.516 mm
= 1.500 mm
=4.547 mm
=4

=17.50 m/s

Swirl

velocities, and jet half angle, for the
meshes studied from ds=0.020to 0.040 .
Computed film thicknesses also show
excellent agreement with experimental
results and limited comparisons of
computed drop sizes with measured
data show good agreement. A typical
number of nodes that evolve for
subsequent calculations is 250 nodes
with the grid space of ds=0.032 but the
number of points increases with time up

to 900 nodes due to increased jet length. In addition, the simulation time for a dynamic
response computation takes typically about 2 weeks on the 1.0 GHz Athlon CPU used in the

modeling.

The steady-state results show
surprisingly little nonlinear effects
and the core radius, nozzle exit film
thickness, and jet half angle were
nearly identical for both the
nonlinear calculation and the linear
theory for a wide range of designs.
The one exception to this result is
for nozzles that are short; in this
case the linear theory tends to over
predict the spray half angle and
under predict the film thickness
relative to the model calculations.
Table 2. shows the extent of
agreement between the two BEM
calculations  (using  perturbing
inflow velocity and the other using
pulsating chamber pressure
incorporating Ref. 18 for solution at
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Inflow

i
254 {1

H

1 Channel

H
7 B O S ——

S
o %
= N
1.5 -\
Vortex chamber Nozzie
| o |
|
1.0 4 Moving wall condition Iy ey .\
Free surface
05 T 1 T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 35
Z/a

Figure 1. A 2-D axisymmetrie grid system used to model a swirl

injeetor.

interior nodes) and the linear theory for the baseline conditions summarized previously. The
minor differences between them are attributed to the limitations of the methods employed in
calculating these parameters and to the accurate calculation of fluid properties at interior
nodes rather than the difference in the specified boundary condition. This is further
confirmed, as will be discussed in a later section, by the fact that the change in core radius in
the vortex chamber due to fluctuating chamber pressure is negligible compared to the

thickness of the liquid film.




Table 2. Calculated result comparison against the theoretical result of V.G. Bazarov'’

Theoretical result BEM (perturbing BEM (perturbing chamber
inflow) pression
Core radius (r,) 0.707 0.705 0.706 ]
Film thickness (/1) 0.200 0.205 0.204 N
Half spray anglc 45° 45.5° 45.5° -
Total Nozzle entrance - 20.7 (at wall) 20.5 (at wall)
Velocity 11.7 (at free surface) 11.6 (at frec surfacc)
(m/s) Nozzle exit - 24.3 (at wall) 24.3 (at wall)
21.0 (at free surface) 21.03 (at free surface)
Outside injector 36.09 36.12(z=5.04, 36.10(z=5.04,
r=2.78) r=278) ]
Axial Inlct channel 17.50 17.50 17.56 N
Veloceity | At nozzle center 17.37 17.45 17.51
(m/s) Outside injector 26.26 26.26 26.3 B

A. Static Characteristics Analysis

The geometry provided in Table 1. served as a baseline condition for the computations. In
a steady chamber pressure condition, the radial/axial velocity profiles on both upper and
lower fluid surfaces are compared against theoretical values in Fig. 2. Results tend to
asymptotically approach the quasi-1-D theoretical values as one moves far away from
comers. Figure 3 also shows the free surface shape inside the injector as well as the final jet
shape (at +=12) with shed droplets. The liquid core evolves naturally as a part of the
calculation as does the cone angle formed by the conical sheet exiting the orifice. Under
steady flow conditions, the shed droplets are moving in the same direction as the parent jet
and their size distribution is almost constant. The computed flow properties for the steady
injection case result in an SMD/a of 0.185, and a cone half angle of 46° with other statistical
properties summarized in Table 3.

Figure 4 provides a 3-D visualization of the spray evolution and the jet core structure. The
breakup length is nearly constant after +* =5.0 and shed droplets are tracked downstream with
the direction angle of the parent jet. The overall spray is qualitatively similar with that of
actual experimental images.'® The initial ligament pinching events lead to droplets that are
dispersed somewhat from the final cone angle formed by the spray. This is an artifact of the
initial conditions selected for the simulation and not necessarily representative of the chaotic
startup observed during the chamber filling process of a real device.

Table 3. Statistical properties for a swirl injector

Properties
SMD/a 0.185
Np 1741
Dp/a 0.198
itp [U 1.21
/U 1.26
O (°) 45.8

)
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Figure 2. Radial (left) and axial (right) velocity profile along fluid surface in a classical swirl injector.
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Figure 4. Dimensional view of the final jet shape computed for baseline
conditions noted in Table |

B. Behavior under Dynamic Injection

The dynamic rcsponse was studied for the injector geometry described in Table 1. at the
baseline injection velocity and pressure drop of 17.5 m/s and 0.69 MPa respectively. To
compare results against the theoretical analysis of Bazarov & Yang,” the velocity was
interrogated at a variety of locations in the film. Figure 5 shows locations for dynamic
response analysis in our calculation. The detailed locations are as follows:

B 15 s z=0.258, r=2.665
Bt 25 s z=1.495, r=1.968
Rt 858 oz.enir: z=2.113, r=1.000
Pt 4:Upnozexit: z=12.798, r=1.000
Pt SEC 50 z=15.030, r=2.789
5
4
34 YaIPth) U (Pt5)
a ~p
- (VN (P12
U, ..(Pt4)
VN '..

0 T T T T T E T

0 1 2 3 4 5 6

z/a

( at the channel inlet )

( at the chamber wall )

( at the wall of nozzle entrance )
( at the wall of nozzle exit)

( outside the nozzle )

Two distinct approaches have
been used for simulation of unsteady
flow conditions. Initially, we utilized
a forced excitation via oscillation of
the inlet massflow. Since the
dynamics of the film thickness in the
vortex chamber could lead to large
amplitude surface waves, this
process can in principle give results
substantially different from the case
where the gas pressure in the vortex
chamber was oscillating in time. For
this reason, a second approach was
also investigated wherein the
oscillation was imposed via an
unsteady pressure in the vortex

Figure 5. Selected locations for dynamic response analysis chamber. This latter approach is

in a classical swirl injector.

more realistic for dynamics induced
by combustion chamber pressure

variations, while the former approach is more representative for feed system based

oscillations.




1. Dynamic Massflow Simulations
The dimensionless time in the computational domain is " =U/a-r, so the dimensionless

oscillation wave number ( z") for actual oscillation frequency (f) is as follows:

w':iw=12ﬂf=2'151E_3
U U 17.5

x2xx f=7.7229E -4x f 3.1
Then, for a given input oscillation frequency, the injection velocity is pulsation can be
written:

F(@')=4sin(a’r") 3.2)

where A 1s the amplitude of the massflow pulsation. In our study, the disturbance is
prescribed as a fluctuation of the inflow velocity in the tangential channel, Eq. (3.2), or as
perturbation of chamber pressure as seen in Eq. (3.3).

AP = ARy, + €sin(wt) (3.3)

In addition, the inlet for the tangential channel is assumed as the circular cylinder in our
axysimmetric simulation and its area is determined to have the same mass flow rate with the
actual injector. In order to keep the constant area for the same mass flow rate throughout the
tangential channel, the channel width at the tip and the root can be calculated:

2
RV WT.rool 1] \‘Vhere ”/T,roul = 4RT
Ro+Ly 2R,

Wrawp = (3.4)

2. Dynamic Chamber Pressure Simulations
Here, the unsteady pressure drop across the film in the vortex chamber must be ascertained
in order to determine the instantaneous pressure drop across the tangential channels. From the
i_a1a

radial momentum equation, =242, where for the potential vortex: ¥, =- . After

integration, the dimensional pressure drop across the liquid film can be computed:

=12
AI{':—& L,__IT, (3.5)
R} RE

So that the nondimensional pressure drop can be written:

F&(E 1] 1
AR = — | ——— (3.6)
87’ R2 RZ
Substituting nondimensional circulation I =27 R,V, = 27R,V,, we obtain:
2172 v2( p2
AI)Iz_Rm in L_L - in Rl:l —'l (37)
2 \R2 RZ) 2\ R

Assuming a constant stagnation pressure in the manifold and neglecting viscosity losses,
Bernoulli’s equation gives the pressure drop across the inlet channel: A, =% .

So the total pressure drop across the injector is the sum of pressure drops across the liquid
film and inlet channel:




2 2
l/in Rin

Bt SUh s e L
Knowing this pressure drop the inflow velocity can be computed as:

: Re

Ve =J2AP (3.9)

Rm

Where the overall pressure drop in the system is assumed to be a sinusoidal function of
time AP = AR, +€sin(wt) . The steady state pressure drop is calculated from the initial

conditions:

qr%wan Rl%l
2RZ

Chicady

APSlcady =)

(3.10)

Figure 2 shows a typical computational grid employed in the studies. The initial pressure
drop is computed from Eq. (3.1) based on the steady state solution for the core radius using
constant inflow rate. This pressure drop plus perturbation is further converted to massflow on
the inlet boundary using Eq. (3.2).

C. Simulations Assuming Forced Mass Flow Pulsations

A series of simulations were conducted using the unsteady massflow methodology
outlined in Egs. (3.1)«3.4). An initial simulation was performed with a 10% massflow
fluctuation ( 4 =0.1) at a frequency of 5000 Hz. At lower frequencies, the dynamic simulation
can require long integration times in order to build up statistical properties for drop sizing. In
order to save computational cost, this simulation was restarted from the steady state solution
obtained at the time of " =5.0 and integrated in time until quasi-periodic behavior was
obtained. The input and nozzle exit velocity histories are overlaid for the period 10<+ <20 n
Fig. 6. The phase lag and amplitude modulation of the input signal is evident from this
comparison.

The dynamic response for a single cycle of the imposed oscillation is depicted at various
points in the injector in Fig. 7. The unsteady part of the signal is plotted at each location in
order to assess wave amplitude and phase shifts at various points in the flow path. In Fig. 7,
the oscillation frequency and the amplitude, for the plot on the left, were set as f = 5000 Hz

and 4=0.1, respectively. The vortex chamber acts as an accumulator and changes in
massflow cause very little varations in velocity at Pt. 2; the massflow variations lead to
changes in the size of the vortex core in this region. At Pt. 3 (nozzle inlet), a very large lag is
notable and the amplitude of the oscillation increases as the fluid accelerates into the
contraction region. At the nozzle exit, the oscillation amplitude is diminished somewhat as
the swirl velocity is increased. The signal actually appears to be leading the input at this
location for the conditions studied—this unusual characteristic is unique to swirl injectors
with large vortex chambers that can cause large lags in response. The amplitude of the signal
is attenuated further at the nozzle exit and into the conical film with smaller phase lags noted
in these regions due to the relatively shorter flow times characteristic of the nozzle and
regions downstream.

10




The right plot of Fig. 7 shows the dynamic response for f =1000 Hz and 4=0.1. At this
lower frequency, the response lags the input much more modestly, and the overall trends in
amplitude are preserved from the 5000 Hz case. As the flow times are more comparable to
the oscillation period in this case, the overall lag of the injector is much more modest.

115 115
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Figure 6. Raw input (left) and response (right) for initially disturbed inflow velocity; the oscillation
frequency and the amplitude were set as f =5000 Hz and 4 =0.1, respectively.
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Figure 7. Dynamic response through a classical swirl injector, which was investigated in velocity
response; the oscillation frequency and the amplitude where set as f = 5000 Hz, 4=0.1 (left), and

f=1000Hz, A=0.1 (right), respectively.



3.2 Hydrodynamic Modeling of Swirl Injectors with Multiple Rows of Tangential
Channels

Modified model for dual channel injector
Consider a swirl injector with two rows of tangential injectors separated from each other
by a distance L (Figure 8). We assume that the response of the tangential channels and

nozzle are unchanged (with respect to single row of inlets) with the introduction of another
row of inlet. Also the any modification needed due to the ‘vorticity’ effect in the vortex
chamber is neglected as it is found to be negligible. However the interaction of the surface
waves in the vortex chamber has to be accounted for. See Richardson® for a detailed analysis
of a two channel swirl injector.

The phase shift associated with the distance between the two inlet channels Ly is given by,

ol
g =—

7
Where angular velocity, @ =27 f and V,, is the wave velocity in the vortex chamber.

(3.11)

wy

We can use the principle of superposition to examine the influence of reflected waves in
the vortex chamber of any arbitrary length. Let us consider an initial wave in the vortex
chamber at inlet ‘a’ given by

&y = N0 (3.12)
Where A, is the initial height of the wave due to the perturbation in the inlet ‘a’. Near the
nozzle this wave travels a distance of L, (length of Vortex Chamber) and becomes,
B (3.13)
Where ¢, the shift angle is associated with traveling L, distance and 'vg, is the reduction

in the amplitude due to viscosity v . A part of this wave gets reflected which is given by,
(2], =Tt (3.14)

Figure 8. A classical swirl injector with two inlets at locations ‘a’ & ‘b’ separated by a distance L,

Where IT is the reflection coefficient. This reflected wave changes in the following
manner when it travels a length L, to reach the closed end of the Vortex Chamber

B g i (3.15)

This wave is reflected completely from the closed end and reaches the nozzle,

12




A N (3.16)
The reflected wave will be,
(&), = [T o e ot ea (3.17)

And so the waves reflect back and forth until their amplitudes become negligibly small.
Using the principle of superposition we have the following wave near the closed end of the

vortex chamber,

:“h _ A” Z H”(:"((I)’-ZWV)-ZHMV (31 8)
n=0

Near the nozzle,

gm _ A“ZI—Inel((z)l—(2n+l)¢v)--(2n+|)u¢v (3.19)

n=0
Similarly we can derive equations for surface waves in the vortex chamber due to the

perturbations in the inlet channel ‘b’.
Then, using the principle of superimposition we can compute the wave near the head end

of vortex chamber as follows

5;‘.;, _ A“ i I—Ine:((ul-2n¢‘,)-2nu¢‘_ + Ah i I—Inel(ml-?.nqpvJrq;),r)-'.’nuqﬁvéfug;)'r (320)

n=0 n=0

Similarly near the nozzle inlet we havc

5‘." _ A“iHne'(ﬂ)’-(2"+l)¢,-)-2"U¢v +AhiI-Inel(wl-(2n+l)¢v+¢‘.)-(2n+1)u¢,+u¢‘.

n=0 n=0

(3.21)
The above two equations are used in computing the response of the dual channel injector.

A dual channel swirl injector was analyzed using the modified linear model and compared
with computational results generated by BEM code described in section 1l usin% oscillation
pressure boundary conditions. An injector currently being tested by Miller*' at Purdue
University was used as basis for this study (Table 4).

Inlet radius of tangential

channel R, =0.454 in
Radius of nozzle R =0.454 in
Radius of vortex chamber R =0.454 in
Radius of tangential channel R, =0.0175 in
Length of tangential channel L, =0.359 in
Length of nozzle 5, =0:0 i
Length of vortex chamber L, =0.4767 in
Length between two channels L =0.0999 in
No of inlet channels n=§

V, =913 in/s

Inlet velocity

Table 4. Design parameters of a dual channel swirl injector



Since the injector to be analyzed is an ‘open’ injector that is the radius of vortex chamber
and nozzle being equal further modification where required to the existing model. The effect
due to reflection coefficient T1 was eliminated (set to a very small value) and the nozzle
length was set to an insignificant value. The flow was shared equally among both the inlet
channels.

The linear model shows a local minima around 1344 Hz (Figure 9,10). This frequency

corresponds to the distance between the two inlets L, =0.1in. The amplitude of response is
never greater than unity; this is a feature of the ‘open’ injector which makes it more attractive
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Figure 9. Amplitude vs Frequency for dual channel swirl injector
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Figure 10. Amplitude vs frequency for different combinations of flow through the two
sets of inlets
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option over the ‘classical’ swirl injector. The dual channel injector is much more stable than
the single inlet design due to the destructive interference of the surface waves in the vortex
chamber. The computational results seem bounded by the single and dual channel analytical
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—O—Series1
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0.142
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Perturbation in chamber pressure (%)

Figure 11. Amplitude vs perturbation

analysis for the same design parameters.

At low frequencies (< 1000 Hz) the interference of surface waves is more prominent
owing to longer wavelengths and fewer waves in the vortex chamber. However at higher
frequencies the computational model shows a diminishing effect of the two channel inlet
probably due to decreasing wavelengths of the surface waves and probably the simple dual
channel analysis seems inadequate to capture all the phenomena in the vortex chamber. Also
the non-linear effects are not being accounted for in the theoretical model.

The amount of mass flow rate (Fig. 10) was varied among the two sets of inlets. A 50-50
split shows to the most stable combination with clear local minima at 1344 Hz. Other
combinations are a little less stable than the 50-50 split and also don’t show any clear local
minima.

Fig. 11 shows BEM results for amplitude amplification factor (ratio of outflow to inflow
perturbation magnitudes) as a function of chamber pressure perturbations for the frequency of
2000 Hz. As we can see even 80% perturbation causes nonlinearity of just above 5%.



3.3 Boundary Element Method (BEM) Acceleration using ScaLAPACK Utility

Assuming the Runge-Kutta time integration scheme, the BEM calculation requires the
solution of the large-dense system of linear equations for four times at every time step.
Computational cost on solving this matrix system is fairly expensive. Current BEM codes
developed within the research group have used LU decomposition and SOR(Successive Over
Relaxation) to solve the large-dense matrix system. Although SOR has been a quite
successive method for solving larger matrix systems(over 1000 nodes), it has not been fast
enough to get the gnd convergence for high Weber number jets. A small As(grid size) has
been required to ensure the exactitude of computation in this case, so that computational cost
of BEM based on SOR has been quite high. Therefore, it has been necessary to modify the
matrix system solver in BEM.

The fully populated square matrix gives BEM codes a unique characteristic compared to
the banded structure present in classical CFD codes. Classical CFD codes usually accomplish
the acceleration by the use of sparse matrix inversion schemes and parallelization; dividing
the computational domain into smaller matrices that are distributed to a set of CPUs. In
addition, BEM atomization problems are distinguished by computational domains that
increase with time, which yields different size matrix system at every time step. In addition,
BEM matrices for fluids problems of this nature are generally poorly conditioned, i.e. not
diagonally dominant, thereby further complicating inversion processes. These issues make
the matrix inversion in BEM fluids codes quite challenging. To improve performance of
current codes, the ScaLAPACK utility was investigated as an aspect of the current work.

Scalable Linear Algebra Package (ScaLAPACK) is a set of library for distributed memory
MIMD(Multiple Instruction stream, Multiple Data stream) parallel computers developed by
the ScaLAPACK project42. ScaLAPACK provides routines for dense and band system of
linear equations, linear least squares problems, and eigenvalue and singular value problems.
The large-dense matrix system solver in ScaLAPACK implies Block and Parallel LU
Factorization; blocked submatrices from original matrix are distributed to a set of CPUs and
then solved by LU Factorization. ScaLAPACK accelerates BEM significantly and finally
shows a good grid convergence for SMD(Sauter Mean Diameter).

The test for the comparison of ScaLAPACK and prior successive overrelaxation(SOR)
methodologies have been completed. The acceleration obtained by ScaLAPACK relative to
SOR 1is shown in Fig. 12. This test is done for matrix systems obtained by test-run of BEM
code on our current HPC(High Performance Computing) cluster which has 2.4 GHz AMD
Opteron Quad Processors onevery computational node. As ScaLAPACK project suggests that
the maximum performance is achieved when 1000x1000 matnix is set on one CPU,
1000x1000 matrix system is solved most rapidly on I1x1 CPU. 2000x2000 matrix system
shows best performance on 2x2 CPUs(total 4 CPUs). BEM often yields a matrix over
2000x2000 so that it is expected that ScaLAPACK will significant advantages over SOR for
very large problems.

The time taken to run the entire code using ScaLAPACK has been compared to code using
SOR. The run time of BEM code for the simulation of Rizk and Lefebvre’s experiment™ is
shown in Fig. 13. When As is 0.016, BEM based on ScaLAPACK takes 13.2 days but BEM
based on SOR can not simulate the case due to computational constraints. Therefore, it has
been confirmed that relatively large grid cases can be simulated within a short time relative to
SOR with the aid of ScaLAPACK and small grid cases which can not be simulated by SOR
can be simulated using ScaLAPACK. Figure 14 demonstrates convergence of the scheme for
conditions consistent with Rizk and Lefebvre’s experiments*’. Prior simulations with SOR
could not get the grid convergence for SMD due to exhorbitant run times.

16




Using Ponstein’s linear analysis for a rotating column, rings pinched from an axisymmetric
computation can be fractionated into droplets to provide a quasi-3-D simulation of a spray.
Limited prior work has shown some success using this approach with modest grid sizes.
Figure 15 and 16 depicts some current simulations using the methodology. In the image on
the right of Fig. 15, over 23,000 drops are produced. Approximately 80,000 drops are
produced in the current simulation of Cousin ef al’s experiments*, 3D visualization of this
simulation is presented in Fig. 16.
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Figure 12. Acceleration by ScaLAPACK for various matrix sizes with various
number of CPUS(t;0x is time taken by SOR, tsu apack is time taken by ScaLAPACK)
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t=5.0s, As =0.028 ) t=5.0s, AS=0.016

~4

t=7.0s, As =0.028, Ny = 2,700 _ t=7.0s, As =0.016, Np = 5,400

t=9.0s, As=0.028, Ny = 8,300 1=9.0s, As=0.016, Ny = 23,200

Figure 15. Vanation of the flow field with time, comparison betwecn two cases; the left

1s for As = 0.028 and the right i1s for As = 0.016 (Nj, is the number of drops, Drops produced after the
flow field is fully developed are only included in this figure.)



Figure 16. 3D visualization of the simulation of Cousin et al’s Injector #04 (1=10s. As = 0.016,
Np = 80,000, The whole drops produced in the simulation are included in this figure.)
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3.4 Boundary Element Method (BEM) Development and Dynamic Response Studies
for Swirl Injectors

Under AFOSR sponsorship, we are performing boundary element simulations to determine
the nonlinear dynamic response of swirl injectors utilized in many liquid engine systems.
Highly compute-intensive work is ongoing to determine injector massflow response
(amplitude and phase) over a wide range of pulsation conditions and orifice geometries.

This year’s work was focused on the analytical revision of existing codes computing the
dynamic response of swirl injectors of a typical design shown on Figure 17.

Figure 17. A classical swirl injector noting nomenclature used for design variables

Since no experimental evidence exists on how the pulsations of mass flow rate at the
injector inlet or of the combustion chamber gas pressure correlate with the pulsations of mass
flow rate at the exit orifice, work by Bazarov” is used as the only available reference for
validation of BEM results. Bazarov’s theory is linear and is based on the assumptions that the
flow has essentially a free vortex distribution of tangential velocities, is incompressible and
inviscid. It predicts that two types of waves should exist on the vortex free surface. The first
type results from the fact the film adjusts its thickness to accommodate the fluctuating
incoming mass of liquid. The second type results from the idea that as the inlet velocity or the
back pressure is changed, the different layers of liquid start to rotate with different spceds.
The centrifugal forces associated with this process cause the slower moving particles to move
towards the vortex core surface and the faster ones to the walls, which generates the so called
vorticity waves. Both types of waves propagete within the vortex chamber on the core surface
and get refracted back and forth by the head end and contraction section walls of the vortex
chamber, see Figure 19. Studies have shown that the vorticity waves have much stronger
effect on the dynamic response than the first type of waves’. A corresponding linear code®’
had been in use which incorporated the equations of the linear theory. Two types of injectors
are being investigated: single channel, Figure 17, and dual channel, Figure 19.
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Figure 18. Single channel swirl injector dynamic response due to linear theory.

A typical correlation between inlet and exit flow pulsations produced by linear code for a
single channel injector is shown on Figure 18. Here the response is presented as a transfer
function

swinj =——Q7 9, (3.22)
P./ D,
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